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.- ' ABSTRACT can pass the fiT-:t test with some consistency, it must dernonstrate
that it can oredict, as well, those behax iors that differ among ro-
tor conhgurations. This is the second test. The objective of this

StnIctural response data from flieht or xind tunnel tests paper is to seek appropriate tests for theoretical-nMethxl, dsCcl-

of eight full-scale rotors have been examined and compared fort opment throunh comiparistn of ffull-scale rotor nlneaourctnnts.

high-speed flight conditions and in the abselce of blade stall I looper, tit Ret. I, ha': exanMed the vibratorv airloads
or naneuers. Both similarities and differences in the bhav- obtained from tests (f six full-scale rotors either in llight or in
ior of the rotors v ere observed, and tIese findings are useful inl the wind tunnel. In each of these tests, pressure transducers were
determiiin appropriate tests for tile development of theoretical installed at iultiple radial stations and the individual prcsures
methods. Limited use is made of airload ineasurements and the- were integrated to provide the norni a] force. The , ibralto , air-
oretical calcuLiation in exan ining these data. Major similarities load behavior has been visuali,/Cd b v ica ns of computer graph-
observed in the rotor behavior include: ) 3/rev vibra,,ory flap ics programs. This work has de-tnonstrated that the vibrators ,jr-
bending moments are remarkably similar aitong all the rotor, loads are remarkably consistent in the transition regime regard-
at high speedl 2 the root oscillatory chord bendin iinduced by less of the number of tlahdes. the rotor size. or the trim. At higher
lag dampers is similar for three of the articulated rotors despite speeds many similarities are seen bet. ,en the different rotors,
differences in the damiper type; and t3) the torsion ntoit and but the blade airloading is more ,artable.
pitch- link loads show the same positive - negati e loading over
the advancing side of the disk caused hv the unsteady pitch- The present paper conpleients iper's work in that
ing moments at the blade tip. Differences that were observed the problem of vibratory loading is examined largely frtn the
include: i I ) the vibratorv chord bending-nioient behavior ap- perspective of the rotor structural response. This examination is

valuable in its own right because the different perspective that
pears to be dependent ott rotor stiffness ii part. but differentces isotneasssinh udradngfacopxprbe" see ar no eailyexpaind: 21 he [!-3A ootoscllaory is obtained assists in the understanding ofa complex problem.

W seeni arc noti easily e xplain tid (2) tile (A I-53A root oscillaitory I diinb
chord bendciig-tiioneiit data do inot show the daiper-induced In addition, by xaiining tie rotor response it is possible to

l use data from tests in which only structural Itieasurements haveloads that are seen iion thle otihcer airticoulated rotors wviith hvdra ulie
been obtained. This paper begins with a brief discussion of thelag dampers: and 3 the Al I-I K torsion response is \et+' differ-
scope of the paper and the data that were used. The problemett fromt that oi tile articulated rtotrs. of rotor response is then treated by discussing the blade flap,

chord. and torsion re.,,ponses separately. The rotor blade motionsINTRODIUC'TI(ON
are, of course, coupled. but the separation used here is suitable

The prediction of rotor vibratory airloads and structural for a qualitative examination. Important similarities between the
loads reinaits a difficult and intraetble proiblent. The develop- rotors will be discussed as well as some fundamental differences.

Conclusio-,; from the comparisonis will be Made.ment of improved theoretical nltnods requires carciul CuiTItlt-
ison f theory and experinie'tt, and dc nttotraiion ihat the lhc -

or does in fact corrccil, rcprent the phtyoics of the procitn. EXtERIMENTAI I)ATA
Withini this corttcxt, the exaiiination and comparison of inct~tis r_-Teirients tbtai ned for a w+id.e range >If futl I cale rotors is, ,,al uable rtii The contpa.risotis shown are based on data obtain~ed
mrin thaed or that %r indelangei ufI roors ype lle fron eight flight-test or wind tutinnel experiments on full-scalein that bcha,,iors th~at are indeciitdent of rotor tpe i,, 'Acil a,'

irotors. 7 These are, for the tiost part, the only data that arebehaviors that depend upon the rotor C0,nfi guration call be identi-

fied. Those behaviors that are common to many different rotors accessible on magnetic storage media or tabulated in archivc rZ

provide a first test of theoretical niethod,. T Successfully IWss ports. Table I summarizes the eight sets of data and includes a

this first test, a theory must properly ti(dtel the physics of heli- description of the major instrumentation. The S-76 wind tunnel
test reported in Ref. 5 included four interchangeable tips, but only

copter rotors in forward flight. It is not sufficient, for example,
to predict the ,-agnitude of a loading ctmponent and miss the the data front the swept/tapered (production) tip are show n here.

phase. In this sense, the predictions of a theoretical model must Results of testing of the SA 33( Puma were repirted iii Refs. 8
be at least its gox as the estimates obtained from scaling previ- and 9. The data used here are fron the tests of an unusual mixed-

otis flight test data. )nee i theoretical model has shown that it bladed rotor configuration which had an instrumented swept tip
installed on one blade and an instrutented rectangular tip in-
stalled on the opposite blade. The blades at (X)' and 270' were

- - - per prcyentc lit the Acti- an I leicopicr Society Na the standard Puma blades. Data from a second test of the SA
tiontal .peciltists" lecttig on Rtrcrift l)nynatcs, Arlington, 349/21l have also been examined, but are [iot shown iin this pa-
lcxis. No,.cnibcr 1 , I1,W) per as they are essentially identical to the tneaisurements obtained



Table I. Fii -Scale Rotor Data

\IRCR.\I-7 CON I AG. 1151 IN STR UM F"NTALONFI REFER ENCE 1
('I 3Aticuad. ihDi Iffe renit ial p re .Sstrre ( cietnai 6

4 blades Flap bending moment 6h

Chord bending monent (3)
Torsion tmomienit (2)
Pitch-link load

(11 _1-4 Art ic ulated, Wind tunnel 1Differential pressure 9) R ahhott (1r" a )(90

4 blades Flap bending momen 0)
Chord benrding l, t eit(
Torsion moment(

('1I1-A* Art ic ulate-d., - lI ehi-- 7A bs.diff.pressuLre 5- 11ro.17
6 blades Fl ap btndi rig mornt (7

C7hord bendimrt ton nt n1(7l
Torsioni tllil itt I

______Pitch-lir:k load
>t71 T Ar lae. WVind tunne.. l F'lap bhending mnomentl (I) tJolto.

4 hI aoic, Chord bendli ng momi ient 13
iPitch-link load

1(' I eciering. FIiiehi A blu!e( pressure 8 i Crx'imlWjauI. I ()S

2 blade. V-n[ henint ur momrent M,

Chord benudinig rmomen ci9 )
lorsion nioment

Pitch-link load
SA 3(ITuma Articulated, Flieit Absolutte pressure (3i

41 blades Pitch-link load

S. 302 Articu~lated. Viigh Absolute pressure (3) Ileeani and (ian brt -

I blades Flaup bending momne it t(S) 1916
Chord bending, monient (7
Torsion mrnnit (4

iPitch-link load ___________________

I -0.\ Articulated. Flight - Flap eiditig moment (4-
4 blades - hu. bending mniont I

Pitch-link load

-Ilk number of the radial statiotn with instrumerntation is shown in p-rcrrheses.

in thle first test. Dtii o!im;-ed durine the Uil 1-60A testine irl 197 able, this conclusion is conhirried by the absence tif'stall behavior
are accessible through thle TREND)S data base at Amnes Research in the pressure -transducer time histories.

('enter. Data are available for most of thle rotoirs examinied here

Fliuht and w&ind ttrnnel eases, for trimmed, level tlight ov er a full range of advance ratios. I lxiper has clearly shown

were selected from the experiICental data baseCs. The lift coefti- that all rotors respo~nd strongly ito the loading Indurced by the

mitsad advarnce ratios for the data ased in this paper are shown tip vortex of the previous blade in the low-speed or transition
in F~ig. I comp aredl to r he roto r lit, ho"ndary obtarinterd in Re (. I I re gimne whiere thre vortex passes very close to thle blade. Al thiug h
with a modiel -scale rotor. The lift criefficientt values rarrge from this area oif the flight envelope remrains highly interesting, the
0,06 to 0.08, and the tmamiluti advancee ratios are generally itt priniary purpose of this paper is to examnire thle blade loading at

the rarnge of 0-iitoi (10(. In the case oif the S-76, onily data f or the high-speed end oif the aircraft envelope . Normal-force data
t lie ( ) 38i vaiic ra t case were u ed . IThe rot)or lift hr oandalrv me astred at 95 Hl onl the re tangul1ar tilt oif tle S A 33(0 Purnit are

thei w asNne by \ Mc 1111g re lre se ts an ae rodn iaiic I ittiit Shown aV a furtin lilt fa iin 1th anrd ads anrce rat io int Fig. 2. whicht
tim, 11 a structural liritit bccaulse thle modeXl tested was slt' illustrates flow the character of the loading chaniges as airspeco

etA -rioi e thut tile rotor collective pitch could be increased is increased. The nortal force is inl the tiondiitensional form
*-,io bra- Ini'AM loneer iticrersedl. The rortor daita that are

j I;w ihis pip(r were obtaid at lift coefficients wecll lie- Al2 -

l 4 fl~ igh, . tnor Iii houtidary. and thiervfir ittle or nit stall *

s lCA eWec) onihi MOI p)orton o'f the blade at ;rmy a/inoith. Itor
hc 'pimnillw whe-re icrusl'iiniic loils 1,11,k lie isa1~ wkhere IN ishle lilt, u is (tie speedm of sounrd, anrd j, is the densit%
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.16, ing side as the vortex moves back out to the blade tip. Although

ROTOR LIMIT FROM WIND TUNNEL the effect of the tip vortex on the retreating side is still detectable

.14 " MODEL SCALE TEST (MCHUGH, 1978) at the highest advance ratios, the vortex loading on the advancing
side is no longer observed for ji > 0 3. At the same time, the
lift at the blade ip is decreasing on the advancing side of the disk

12 so as to maintain roll-moment balance of the rotor. The primary
" .-- O purpose of this paper, then, is to examine the response of rotors

.10 in these high-speed conditions without the complicating effects
of blade stall and maneuvers.

Two of the sets of rotor data examined by iiooper, the
08 X -51Acompound and the NII-3A compound, are interest-

--- -L _ing in their own right. but are not ineided in the present coin-
06 - pa-isons because of the conloundmng effets of Wing lift and aux-

-- CH 34 FLIGHT TEST iliary propulsion.
CH 34 WIND TUNNEL

.04 -- CH 53A FLAP BENDING-MOMENT RESPONSE
AH IG ( MAj

.02 -- - SA 330 (PUMA) The flap mode frequencies of the rotors examined her-
SA 349/2 are shown in a simplified form in Fig. 3. The frequencies are

- UH-6GA shown in terms of their endpoint values calculated at 0 4 f-o and
0-4 2 12o, where i_, is the nominal rotor speed. This approach

1 .2 .3 .4 .5 .6
is an approximate method of indicating the uncoupled blade
frequencies. Values for the CH-34, the SA 349/2, and the Ull-

Fig. 1. Rotor lift coefficient and advance ratio of experimental 60A have been calculated using CAMRAD. The frequencies for
data. the CH-53A,4 the S-76,14 and the AH- 1Gt5 are from calculations

made by the manufacturer.

0r 10, CH-3A 8P
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Fig. 2. .Nondimensional normal force measured on SA 330 Puma
as ao function of azimuth and advance ratio r/R 0 95.

3RD MODE 2

The Puma data shown in Fig. 2 were obtained on a
mixed-bladed rotor configuration and are therefore not strictly 2

representative of conventional rotors. I owever, the high resolu- 2N 1P
tion of the data in azimuth and advance ratio clearly exhihits the NDMODE
major features of the blade airloads as -advance ratio is increased.
At te oower advane ratios, the loading that is induced by the ,ST MODE
vortex of the previow blade is quite evident on b-th the advan,- , I . 4

""'"'c " ,, . ftd As xtted. this ioadg NON DIMENSIONAL ROTOR SPEED
is a sharp down up pulse on the advancing side as the vortex
moves radially inward, and is an ip down pulse on the retreat- Fig. 3. Calculated flap mode frequencies.



The flap mode frequencies ire suniltr for all of the The midspan 3/rev flap bending moments arc CXirniiid
helicopters studied here. The -,econd mocde frequencies range in more detail in Fig. 6. For comparison, the data hase been
frnm abt') 2. to , re\. and this is the dominant vibratory flap scaled as indicated in the legend. The midspan moment ampli-
hending e ode for these aircraft. Frcquencies of the third and tudes are low at low advance ratios, and increase rapidly in the
fourth modes cluster around 5 and 8/rev with a range of 1/rev transition regime as advance ratio increases from 0.1(0 to 0.15.
seen bctw,,ecuf dif rcnt rotor configourations. Except in the case of the CII 34. the loads then decrease at the

The ibratorv flap bending moments are shown for six higher advance ratios up to 0.20 to 0.25, after which they again
f4wstar, !o climb :uid become progressively higher out to the maxi-of tihe rotors in |:i. 4 [F.,cept for the Clt-314 will tunnel data,

mum advance ratio. The _ .'.--v bentding- moment phase shows a
the conditions selected represent the highest advance ratio casesIll tile data base,. Depelding upon tile rotor, the advance ratio slight decrease with increasing speed for all or the rotors. This

behavior is independent of the number of blades. The phasetor theis cmaio The , itt coefficint 0ales ra rm 0 for tileto0.90 decrease is typically 30" to 60" for the third harmonic valuesfr the C -3 , Tlhe lift c offici nt values range fro rn 0.0596 for ' t 20t t-4 to (.()7 rshown in Fig. 6, which corresponds tou0 t 10 to 2ill ' " crin,
he of rotor azimuth. This phase c hange is cmparable with the
refcrs to harmonics three and abo, e. The flap bending moments o oo zmt.Ti hs hnei oprbewt hire so hion in the n ond i men sibdn moo shift in the advancing-side vortex intersection that is obtained

by calculation."' The phase angle varies by approximately 90
AI.o among the rotors shown here, which is equivalent to a 30' differ-

1)c-,2 r ence in rotor azmuth. Wake calculations suggest that the .ortex
loading should differ by about 21 between a two-bladed and a

here ..tf, i it tlie . e ndi nient, b s the number ofblades. ;ix-bladed rotor, hut nio pattern based on blade number is seen in
tic ino rir blade chord, -2 is tle rotr speed, and H is tie the 3/rev phase data showti here.

radiu,.

The surface flot , in hie. 4 extend from i
0 to 360 in CiHORI) BENDING-MOMENT RESPONSE

a/iMuth and from radial station 0 to 1. The stations with avail-
able hendhi' ,-moment measurements differ among the various The calculated chord mode frequencies aire shown in
data Net,, anti this must be kept in mind when the data are ex- Fig. 7. The AH-IG, because of its two-bladed, semi-rigid d,<ign.

amined. For instance, the most inboard station for the CtI-34 has a first chord mode frequency of above I/rev, but the other
wAind tunnel measurements w*'as at 0 375 . whereas for the Ulf- rotors have typical first mode fiequencies that are below I/rev.
60A rneasurctncnts w ,ere taken on the blade shank at 0 113H. Considerably more variation is seen in the second chord mode
and yoke measurements on the A l- i G Aere obtained at 0 (123 H. frequencies than wis seen in the higher blade flapping modes.
The bending moment scales in Fie. 4 have been adjusted sepa- The CII-34 and CII-53A rotors are not as stiff as the new-er rotors
ratclv for each rotor to asist i the comparison. aire, because the trailing edge pocket-type construction of the

older rotors results in the chordwise stiffness being carried only
In aeneral. each. of these rotors shows the saime hehav- by the spar. The frequency of the second mode for these rotors is

ior; the ,, ibrators loads aire dominated by the second flap bending 1 -, 2/rev less than for the other rotors where the airfoil trailing
o(ic. This i., especially noticeable on the outer portion of the edge contributes to blade stiffness. For the newer designs the

h',ade I lowxc,,r, meoasurements at the blade root or shank show
l lw- dermesrcementsLit the blaero otor igutonk. hw second chord mode frequency tends to be nearly 5/rev and this

consid9rable di ffcrnices between the niotor congbrations. The mode couples strongly with the third flap and first torsion modes.
S.*\ 349/2 shows atn icreasing' 3/rev motnent at the blde rooit.

,c tereas the i'l 1-0,A shows a reduction in the load. The A Il-IG Oscillatory chord bending moments are shown in Fig. 8
meca-urements show consitlerably higher hamonic behavior on for the same high-speed coodition, :s for the flap bending nto-
the inboard portion of the blade. mrients that were shown in Fig. 4. Oscillatory as used here refers to

The beha ior of the vibraitory flaip bending moments at all harmonics one and above. The chord bending moments have
been nondimensionaized in !he same fashion as the flap bend-

a midspan radial station is shown as a function of advance ratio bn momensioeaezad be same asb is apsed-
Mnd tirim ath in ig. 5 for five of the rotor<. These advance ratio- ing moments were, and the bending-moment scale is adjusted for
a/ibUth plots are analogous to the radial station ,i:nuith plots each rotor separately to allow comparison. The oscillatory chord

f( -i~z t:. , bhtt adh an e ratio> replaces radial stat ori as the second moments for this high-speed condition differ among the five ro-
n tors. However, there is some similarity in behavior between the

or adcpcict1fthe -ri itor-1 tic. alatho the, oextn ro 0 the dvn CH-34 and SA 349/2 rotors. It both cases a large I/rev oscil-
r oafi, th r, o4, altough tile exientof dat eadvanoce lation is seen at the blade root, and it is progressively reduced

r ..- I '- n lii arc riot ilte for the nlots that inelt le for stations farther out on the blatoi- This suggests that tie load-
-{ '. n , ,ud rl ing is related to the blade rox)t boundary condition, that is, the

- i tke paIilnt viible. blade lead-lag damper. This oscillatory root loading increases

.rc ,lo,. that 'he dimintnI /rev loading ait the with speed, as shown in Fit. 9 for five aircraft. The C11- 34, the
Y , .C, I .:,5c ro tW, I -, lofthLcrved o,cr it wide range of ,idL,,ance SA 349/2, and the UIl-60A all show similar behvior, the dom-

rvtii',. 1 be ba--a Otarau ,.r fos not appear to change, even well inant effect being a rapid change in the bending moment in tile
into the tran ,iion regimc h- -Iition, the phase of the 3/rev third quadrant of the rotor. The datLa in this figure show that the
0 lathng is rclati,,vl c-nt;int with intreaes in advance latio effect of increased airspeed is to increase the amplitude of this

• iI I I
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CH 34 FLIGHT TEST CH 53A
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Illtonoi The \l I I( I diaj alsok als ll 11rea Ct CIll oscIllitiirs The het% ior ott the s ibratiirs chord bhirdii~i iitiiititts

loa1,d sA ith Itr ai eecLd. but the i,' imuiihal bI t * I %ior Is , %.5I d IttIerti t 11i Ispii is shown 1 inl Fig, 12 as a Ifunionl of ad'.ance ratio.
I [1115 tiait ot the rusors %s ith Lt.h, r c i, ,!c ],-odel ,IJ.d their 111 I All of these rotors show an increase inl the sibratorv loadin

ated d icr.' ic (I I - . sh -. h Lil- uses a lead Ial- dllir per. with increased airspeed. li, the case of the ('11-34. the CHI- 53A.
shos' s an osci!!:Iors bhas1 !or ditteren-t from zhai of the others arid the All- 1G. this increase appcati to be relatively smoo~th.

The ociorixrot chord be idi '1h to te(11 3.th * v response seen oni the retreating -side of the S A 349/2.

SA 1349.;2 aInd tIec I -tt)..\ is turtheri examned In Fi: ) how es er. appea: rs to be gr-wing ~ptickly for ads ance t attos hieher
wbCh he diata are scldas Ildlcated for Comlparison pulrposes . thl )

Ists h gure cln shows, the raipid chanc !I. tic root mIlttetti

01.t VC~~iInthethrdt~tOLr.111 I IIpl dlililti, ORSION N1ONTEN[ RESPONSEite peaIk-;Aopcak loasdl~e at t1is stiin lie, CI 1 3 1 andI the t 1 I
WAI- LISe C r~h but fiehc ipc on the SA 11)2 isCIU~lC oSO1-101C-tteILIISie"oni

eiasomer. Athouh lterekesWldM he e,\pe)cteCl for these Pie. 13 for six rotors. The Cl I-53A prediction wasoibtained frotm
twAo t\ pes of damnpers. the loading behas or aippears, to he ouchL1

thesae. lwe erth C I .. wihas s~ sIaii Ref. 1I. The first torsion trceInc:V of the All-IC] is quite low
LIA11jCrLIOI nt hA '! I/rL,, t tkinL t ilero,- t Jat 1 at slightlyv below 3/rev,. lThe other rotors show first torson mode
sccl hretre(Iticies that rntge frorii -4.5 to 6.0/rex. Altitoual estimnates of

heC u~ncoulejd torsion mode frequencies are shoiti n1C hrcoupled
T'he s Iit itl IF 1uJKndrn ;isonents for the i: t CalCuIitionS shw hat there caIn he COtisideraible nodhal coulphltt

speed :ondiition Ilsnw i I I for fix e rotors. 1 c vi btweeti the first torsiotn. second chord, and third :,tp ittixies

tor~loatntot h[ II sd( 1i ~s \rotos i lay I uPOsci!'atorv, hlade torsion mtomtents are show it for tourF
4/res:, thc -i/rex, Ioaw nIt ' s~pc:ialls noti cauble onl the (C - A oo,,i ihsedfih II I-i

Ilte~~~~~~~~ N-7 aid th ssP shl r tfe ncodK oosi ihsedfih n g, 14. Itt general. there are fewecr
Piow more r-so the SA 1492 and c ire ,tothff t hs ors ilso' ratdial Mieasurement stations for torsion Ithan for tlap or chord

,hok norercpon at-1 n,, ' re. Bth f tc~crotr" lso bending. The C1 1-34, the ('11-51A. arid the S A 149)/2 daita all
sIhow a proriouitCed A/rc% ocsponse at Tiidspan on the retreaiting show similar hehavior in that a large. positive torsion moment
side of the disk. 'The biratcors !oads rfo the AlI ' I(! are dotai- is seen in the first quadrant of- tie rotor fol owxed hN a rapid

natd v /rv oaIneai hwaxitno ml i na change to a negative momntt at the beginning, of' the second
plitudke towkard the blade root This Inastfine is, charicteristic of oti~drtt The rotors differ in their heha\,ior in the third and
the first cs-cl ic iil ane inx le. -Ahlch )%is a pre-ditcd natural fre- forhqaans The Aff -fIG torsion -momnt11 I lat are sun i lar,

spiecv o cloe t 4re lie i.except that the peak positive and tegativ momnnts appear to he
delayed about 45".-

The behavior of the oscillatory torsiotn moments at thle

.1.CH 34 VWND TUNNEL TEST blade root as a function oif advanice ratio is shown in Pie,. 15.
SA 349 2 0. 5 This fienre shows that the positive moment in the first quadrant
UH 60A (1 5 is dependent uponi airspeed, and appears to he increasing more

quickly for advance ratiois above 0.3. Oscillatory behavior in
tte third atid fourth quadrants for the CII-34 and the CI '-53A

~ I appears at 5 and 6/rev and is the response of the blade to the
positive- negative loading ott the advancing side of' the disk.

ie 6The blade pitch-link load measurements are show ii in
Fi i6nas a fitnc tion of advance ratio and azimnuth. T he non 1i -

mninlpitch-link load isdefined a

CPL,/Ct = - ,R

0 45 90 35 180 225 270 315 360 where P is the pitch-link force. The pitch-link loads show the
BLADE AZIMUTH, deg sarne behavior with advance ratio that was seen for the bMade root

torsion measuirements in Fig. 15, as is to be expected. Pich-littk

0) ('orttpzrison of root osci latorv bending nimimentIs load data from the rectangular- tip blade of the re searc h Pu ma and
If. x4 wino arnil t, It .190), C--a. f 051)6
s;\ 192 0 178 0~ - (> 0ft 6

. I ' ( .- It( 770)
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10 CH 34 7P

CH 53A
S 76
AH IG (TAAT)
SA 3492 U)P

UH 60A8.

2ND MODE .

5P

6
4r

--------------------------------------
z

Z) 1ST MODE 3P

2P

2
1P

0 .2 .4 6 .8 1 0 1,2 14

* NON DIMENSIONAL ROTOR SPEED

i13. Calculated torsion mnode frequencies.

hI I It I A are sh~rx n here as well. As with tle other rotors, Figure 18 showsacomparisonofthe azimuthal bchavior
,-, mionie nt ii the first quadrant switches to a negative of the pitch-link loads for five rotors at high speed. Th pitch-

MiOu ntr at the beginning of the second quadrant. Both the Puma link loads for all of the rotors are plotted to the same scale. The
and thc .* I 60A rotors show an approximately 4/rev oscillatory behavi,, of these five rotors is strikingly similar, particularly
rc,,ponsc on the retreating side of the disk. The CI1-34 and the in the first quadrant. All show a positiv e load that peaks at
("I-5 A show a response at 5 and 6/rev. as was noted previously roughly 45'. The moment then decreases rapidly and reaches
tor the torsion m.otments. The Al I- IG beha. ior differs from that a minimum in the second quadrant, fi,, ,lost of tile rotors. After

of the other rotors in phase and in the amplitude of the pitch-link this minimum, the ('11-53A, SA 330, and UI 1-f0A rotors show
loads oi the retreating side of the disk. at oscillatory response of between 4 and 6/rev which is the lade

The pitching moment at .95 H on the rectangular tip of response at its first torsional mode frequency.

the Putia is shown in Fig. 17. A direct correspondence can be The oscillatory pitch-link loads increase with advance
seen between the moment measurements obtained near the tip of ratio, as shown in Fig. 19. The pitch-link loads of the unitodi-
the blade and the pitch link loads oi the advancing side of the tied or standard blade of the SA 330 arc included here as well as
disk. It is clear in this case that the moment at the lade tip is the loads of the instrumented, rectangular-tip blade. The increase
primarily responsible for the lairge change in the loading that is in the pitch-link loads is relatively uniform for the CII-53A and
seen on the advancing side of the disk. On the rctreating side LI I 60A rotors, hut the SA 331 data show a break in the loads
nof the disk, the pitching moment shows only a slight variation at an advance ratio of ahout 0.25. with the load amplitude in-
whercas the pitch link loads are wcen to oscillate at about 4/rev creasing much faster at the hiiher advance ratios. Fie SA 349/2
In reponsc to the miment exciatiin. behavior appears to lie somewhere in between.

0

13

u I I I I I IEI I



CH 34 WVIND TUNNEL TEST CH 53A
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6 . CH 34 FLIGHT TEST

CH 53A
SA 330 (RECTANGULAR TIP)

-SA 330 (STANDARD)
SA 349/2

020 ' "4 UH GOA

.010
. L-- . 0 >

Z OlO0 -j

o-020. -. "3 0

2 0, 0

180"-- -"4

AZIMUTH, des 270 "- 0 .1 .2 .2 .
360

Fig. 17. Pitching mornent on SA 33( rectangular-tip blade as a Fig. 19. Half peak-to-peak pitch-link loads as a function of
function of advance ratio and azi'-uth: r/[? = 0 95. advance ratio for six rotors.

The calculation of the aerodynamic pitching moment on
the research Puma has been investigated recently with a number
of theoretical approaches."5 In Fig. 20, the theoretical predic-
tions of the CAMRAD/JA analysis are compared with lift and
pitching-moment measurements obtained on the rectangular-tip

6 CH-53A blade. The lift coefficient is shown as a function of the local........ SA 349/2

, . SA 330 (RECTANGULAR TIP) Mach number in Fig. 20(a), and the airfoil table values of lift as

4-- -- UH-60A a function of angle of attack and Mach number that were used
--- S 76 (SVVEP r/TAPERED) for the calculation are shown as an overplot. This presentation

c 2 :7 ' -method is useful in showing that the blade is operating for the
o / "",most part below the nonlinear transonic regime where unsteady
- / /,/ transonic effects become important in the calculation of lift and

, - , / \, moment. The CAMRAD/JA-predicted lift is similar to the mea-
sured lifts, although the small negative-lift region seen in the

-2 , , ., ' measurements at the highest speeds is not matched by the predic-
St tions. In the case of the pitching moment shown in Fig. 20(b),

4 4 sizeable differences are seen between the predictions and mea-
, surements. The moment from the airfoil tables is shown for a

1' angle of attack and this shows that over most of the disk the
-6 !1

0 45 90 135 180 225 270 315 360 steady value of the pitching moment is 0 for this symmetric pro-
file. Thus, the major contributor to the pitching moment is the
unsteady aerodynamics. Calculations based on thin-airfoil the-

Fig. 18. Oscillatory pitch-link loads as a function of azimuth at ory appear satisfactory at inboard stations where the moment is

high speed for five rot-:;. lower, but they underestimate the moment at the blade tip." This

CI-53A: p= 0 373, CT/a = 0 0626; indicates that the three-dimensional effects at the blade tip also

SA 349/2: it 0 378. (T-/ = 0 0646: play an important part in the excit:,tion of the torsional response.

SA 330: it = 0 364. C7-. /7 = 0 0801; The AlI-IG torsion moments and pitch-link loads are
[:If -6oA: p = 0 383. 7./a" = 0 0776: quite different from those of the various articulated rotors, as
S-76: = 0 377. Cr/a7 = 0 0670. noted in the discussion of Figs. 14-16. Figuie 21 compares the

pitch-link loads measured on the Al- G with those measured on
the UH-60A, plotted on the same scale. The torsion behavior of
the AH-IG shows a strong 2/rev oscillation, and the loads are

0much the same on Oth the advancing and the retreating sides.

17



1 2 FLIGHT TEST

CAMRADJA

1.0

6

CL 4
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2
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02 -.005/ ,7 7

-. 010
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Fi. 20. ('onipari~on of theory and experiment for lift and pitch- Fig. 21. Comparison of AH- 10 and UH-60A pitch-link loads.
inL moment as functions of local Mach number on the SA 330 Atl- IG: z = 0 377, CT/U = 0 0686;
rectangular tip: r/H = 0 95./j = 0 376, ('7,/U = (I 0798. UI1-60A: i = 0 383, CT-/ = 0.0776.
(l) Lift cocfficient., b) Moment coefficient.

C(ONCUSiONS

Data obtained in the te,,ting of eight full-scale rotors I. The dominant flapping vibratory response occurs at
have b-en compared to examine the structural response of heli- 3/rev. This response shows an initial peak in the tran-
copters to the oscillaitryand vibratory loads in high-speed flight. sition regime, then is reduced, and then climbs again
Similarities and differences in the helicopter structural response for advance ratios above 0.20 or 0.25. The phase of
are observed, and the prediction of both represent necessary tests the 3/rev response is reduced slightly with advance ra-
for the development of theoretical prediction methods. tio, and no differences in the phase response can be at-

Those hehaviors that are consistent between rotors and tributed to rutor type or blade number.

arc larely independent of rotor configuration provide a first test 2. The root oscillatory chord bending for the CH-34, the
oft tfc(,cti al michod.s. A theoretical mcthod that is to be used SA 349/2, and the UII-l-60A show a negative to positive
horoc illitor- or vihratory load prediction must be able to predict loading at the beginning of the third quadrant. The
Iicc bch,.sior, iN J rv1i'oimably consistent mainner. The major way in which this load builds up as the blade root is
similarities ohserved include: approached suggests that the loading is directly related
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to the lead-lag damper. The lead-lag dampers on these REFERENCES
rotors include both hydraulic and elastorneric designs,
each with different kinds of nonlinear behavior. Despite Hooper, W. E., "The Vibratory Airloading of elicopter Ro-

thsedifeenesthe time historyof the loading appears tors,'" t'ertica, vol. X, 1984, pp. 71-92. Also: Paper No. 46,

much the same. Ninth Fu ropean Rotorcra ft Forut, Sep. 1983.

3. The blade torsion i1otents and the jit,:h-link loads for Scheiman, James. "A Tabulation ofI ilelicopter Rotor- Blade
the articulated rotors examined at high speed all show a Differential Pressures, Stresses, and Motions as MlCasured
large positive Poient in the first quadrant that switches in Flight," NASA TM X-952, 1964.
to a negative moment in the second quadrant. Follow- Rabbott, J. P., Jr.: l.izak, A. A.. and Paglino, V. M., "'A
ing this positi e -tegative excitation, the blades appear Presentation of Measured and Calculated Full-Scale Rotor
to oscillate at the first torsion frequency, although this Blade Aerodvn'amic and structural LOads," L'SAAVI ABS
S....... is ; it the same for all of the rotors. This tor- 'R 66-31, 1966.

sional resp( ise appears to be caLsed by the usteaIdv
pitching mt ment at the hlade tip on the advancing side Beno, Edward A.( 1-53A Main Rotor and Stabilier Vibra-
of the rotor, tory Airloads and Forces," SER 65593, June 1970.

The diffe-ences seen in rotor response behavior that Johnson, Wayne, "Performance and Loads Data ot a FIll Scale
are configuration dependent provide the basis for a second tc. t Rotor with Four Tip Planforms." NASA TM 8 1229, 19 0
of theoretical methods to be used for the prediction of rotor ' Cross, Jeffrey L. and Watts, Michael E., "Tip Aerodvnanlics
oscillatory and vibratory loads. The more significant differences and Acoustics Test." NASA R1P 1179, Dec. 1988.
in the respons' of the rotors examined include: 7 Heffernan, Ruth and Gaubert. Michel, "Structural atid Aerodv-

1. The vibratory chord bending-moment behavior of the n amic Loads and PerforTtiance NIMe asuren tiet of an
rotors differs significantly. In some cases, such as for SA 349/2 Helicopter with an Advanced Geoiietr, Rotor."
the CD-53A, the response Occurs mostly at the second NASA TM 88370, Nov. 1986.
chord mode iatural frequency and, in this sense, is very
similar to the flap bending-moment response. Other ro-
tors, however, show a response at more than one har- a Helicopter Swept Tip from Flight Tests and from Calola-

monic, and these responses show more differences than tions,' Paper No. 9, Ninth European Rotorcraft lonim. Sep.
similarities. The second chord mode is proximate to the 1983.

third flapping and first torsion Modes for most of the ro- ' Riley, M. J., "Measurements of the Performance of a Itel
tors examined, and the coupling of these modes may he copter Swept Tip Rotor in Flight," X'ertica, vol. 13, 1989,
a primary reason for the differences seen. pp. 43-50. Also: Paper No. 34, Twelfth European Rotor-

2. The CH-53A root oscillatory chord bending does not craft Forum, Sep. 1986.

show the same damper-induced behavior that is seen I Yamauchi, Gloria K.; Heffernan, Ruth M.; and Gaubert,
on the CH- 34 and UH-60A rotors, which also have Michel, "Hub and Blade Structural Loads Measurements of
hvdraulic lead-lag dampers. an SA 349/2 Helicopter," NASA TM 101040, Dec. 1988.
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ined. The peak loading is delayed approximately 45' ican Helicopter Society 34th Annual National Forutt Pro-
from that of the other rotors, and the loads are as high ceedings, May 1978, pp. 1-12.
on the retreating side of the disk as on the advancing 12 Bartsch, E. A., "In-Flight Measurement amid Correlation With
side. Theory of Blade Airloads and Responses on the XHI-5 1 A
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